ABSTRACT The role of a special dimer (D) of bacteriochlorophyll molecules in bacterial photosynthesis was examined by calculations of the rates of electron transfer reactions in a system of the dimer and a bacteriopheophytin (BPh) molecule. It was found that the dependence of the potential surfaces of D on the distance between the monomers allows a fast lightinduced electron transfer from D to BPh but only a slow back reaction (reduction of D+ by BPhf) The same potential surfaces allow efficient reduction of D+ by cytochrome c. Possible advantages of greatly different values of the electronic matrix elements for. the forward and back reactions are pointed out. It is suggested that the electrostatic interaction between D+ and an ionized group of the protein might play an important role in the photosynthetic reaction.
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The first step in bacterial photosynthesis involves absorption of light by a special dimer (D) of bacteriochlorophyll (BChl) molecules and transfer of an electron from the excited dimer (D*) to a primary acceptor (I), probably a bacteriopheophytin (BPh) molecule, to form the system D+I-. The electron is then transferred to a secondary acceptor, Q, and D+ is reduced by cytochrome c (C) (for recent views see refs. 1 and 2). The measured rates of the various competing processes involved in these reactions (2) provide a kinetic description of an extremely efficient system (see Fig. 1 ). The excited dimer ejects an electron before its deactivation by radiative and radiationless processes, while the back reaction, D+I--DI, is blocked so that it does not compete with electron transfer from I-to Q. This kinetic information does not reveal the molecular basis of the photosynthetic reaction and does not explain why nature chose a dimer as the primary acceptor.
This work examines the role of the special dimer by model calculations of the rate of light-induced electron transfer from the BChl dimer to a BPh molecule. The calculations indicate that the weak noncovalent bond between the two BChl monomers provides an efficient "trap" for the excitation energy and may account for the rate difference between the forward and back reactions. The possible role of the electrostatic interaction between the dimer and an ionized group of the protein is also considered. It is pointed out that such interaction may slow the back reaction by polarizing D+ and shifting the center of positive charge further from 1-. Theoretical treatment of electron transfer reactions The theory of electron transfer processes (3-6) is illustrated in Fig. 2 . The figure describes the potential surfaces of the combined donor, A, and acceptor, B. system. In the quadratic approximation the potential surfaces of the reactants AB (V1) and the products A+B-(V2) can be represented by: (4) k = (27rwo/h)(4ir(al + a2)kbT)-1/2 expf-Et/kbTJ [2] where CAB is the matrix element of the Hamiltonian between the electronic wave functions of A and B, kb is the Boltzmann constant, as = hcWAS1, and St = 1/2 Af. Fig. 2 demonstrates that the activation energy, which satisfies the relation Et = (AEo -a, -a2)2/4(al + a2), is simply the energy needed to reach the intersection of V1 and V2, the locus of points where an electron transfer process that conserves energy involves no change in nuclear coordinates. In the high temperature case it is possible to treat the electron transfer problem by the semiclassical trajectory approach of ref. 8 . For small CAB, when the diabatic approximation is valid this gives essentially the Landau-Zener transition probability (8) which, when substituted into the rate expression in transition rate theory, gives exactly the same expression as Eq. 2.
In the low temperature region electron transfer can be considered tunneling from the 0 vibronic level of AB to the vibronic levels of A+B-that satisfy the requirement of conservation of energy. The rate of such a process is given by standard firstorder perturbation theory as: (QCFF/PI method) (10) as described in ref. 11 . In the absence of direct structural information, I introduce the working hypothesis that the overlap interaction between the monomers is significant in the real dimer system. Therefore, I limit the studies to geometries with significant overlap. This assumption is supported by a recent analysis of the red shift in aggregated chlorophylls (11) and to some extent by the spin distribution of D+, which indicates equal sharing of the odd electron by the two BChl molecules (12) . This paper presents the calculated potential surface for the geometry shown in Fig. 3 , which was the relative crystal geometry of polymeric Chl-a (11). Other parallel orientations, including the C2 configuration proposed by Katz et al. (1), gave essentially the same type of potential surfaced
The potential surface of the dimer system of Fig. 3 is presented in Fig. 4 . As seen from the figure, the repulsion between the monomers upon decrease of the interplanar distance z is much stronger in the ground state, D, than in D+. This result, which is common to most dimers, can be understood qualitatively from the orbital diagram in Fig. 4 , which shows the dimer molecular orbitals split by the overlap interaction between the monomers. In the dimer ground state the ra-rb antibonding molecular orbital is occupied by two electrons, whereas in D* and D+ it is occupied by only one electron. Therefore, the bonding interaction between the monomers is significantly stronger in D+ and D* than in D. The result of the balance between the bonding interaction (linearly proportional to the where C(O,n) is the Franck-Condon overlap integral, n is the vector (ni,n2) of the vibronic quantum numbers of A+B-, and E = Et hcTv(nj + 1/2). Using the analytical expression for C(O,n) (7, 9) gives [4] n2 where nl[n2] = (AEo -n2hcv2)/hcvj.
In the intermediate temperature case when kBT >> hcil and kBT << hcT2, Vi can be treated classically and T2 quantum mechanically. In this case the rate is given by (5):
where EI(n2) = [(AEo n2hcv -al)2/(4a,). [6] If the potential along QI is not harmonic (as is the case here), E*(n2) is approximated by the intersection of (V2 + n2hcv) with V1. b The a values for the DI system were calculated for the orientation in Fig. 3 holding I 5 A from the nearest monomer of D. a is evaluated by averaging the u-values for displacements of + 1 A in the x direction (see text). a for the DC system is evaluated by fitting the calculated and observed rates at 300 K. c kcac for the low temperature range is evaluated by using the rigorous quantum mechanical overlap integrals of ref. 7 rather than by Eq. 4, which is not accurate in our case when vz of V1 is significantly different from -4 of V2.
k = E kz(n,)k7(n,) = kz(0) + kz(I)k (1) + *kz(4)k. (4), [7] where kz(n7) = 27r(a2/h)(47razkbT)-1/2 exp {-Et(nr)/kbTj [8] and kr(nfr) = exp {-STj Sn,/n,! [9] The matrix elements a are evaluated by placing I in an orientation parallel to its nearest BChl neighbor in D (Fig. 3 ) at a distance of 5 A, which reproduces the observed rate for the D*I D+I-process. This, of course, does not represent any attempt to locate the relative position of I, but it allows for preliminary estimates of the change in a between the forward and backward reactions. In the parallel orientation, a for the forward reaction involves two ir orbitals with large overlap in the parallel orientation whereas the a for the back reaction involves the orthogonal ir and -r* orbitals with small overlap in the parallel orientation.b With D and I fixed, we obtain a ratio of 100 between the a of the forward and backward reactions. With the reasonable assumption that at room temperature the relative x coordinate of D and I can fluctuate by 1 A (see Table 1 ), the ratio of a values is about 4.
The results of the calculations are summarized in Table 1 . The following electron transfer processes are considered:
(i) D*I -> D+I-. For this process the largest contribution in Eq. 8 comes at n, = 1 with Et(1) 0.1 kcal/mol.
(ii) D+I-DI. As seen from Fig. 5 , this process requires an extremely large activation energy for thermally induced electron transfer to nr 0 (E*t 30 kcal/mol). Thus, the electron transfer reaction must involve tunneling to excited stretching vibrations of the ground state; the rate is slow because of the tunneling factor S n'/n,! (iii) D+I-Q -D+IQ-. This process involves only r-type stretching modes, and because AEo is not large, n, is only 2 and the rate is relatively fast.
(iv) D+C -> DC+. This reaction, which has been used as a model for electron transfer reactions (4, 5), has an activation energy of 2.8 kcal/mol (as can be estimated from figure 3 (6) .
Discussion
The primary step in bacterial photosynthesis involves an extremely efficient light-induced charge separation. This efficiency might be due, at least in part, to the special form of the dimer potential surfaces. As described schematically in Fig. 5 , absorption of light by the DI system creates D*I, which relaxes to D+I-so fast that the competing deactivation of D* -o D by radiative or radiationless transitions is prevented. This very fast D*I -D+I-process is possible because the intersection of the corresponding potential surfaces occurs at low activation energy. The D+I-system is prevented from returning to the DI ground state until the electron is transferred to Q. This is accomplished, in part, by the fact that the D+I-and DI potential surfaces intersect along the z direction at very high energy. Finally, D+ is reduced efficiently by electron transfer from C. The reduction involves surface crossing along the same surface that prevented reduction of D+ by 1-. This is possible because the intersection between the D and D+ surfaces depends strongly on AEo; for AEo of 20 kcal/mol, the surfaces cross at a very steep angle and at high energy (-30 kcal), whereas for AEo of 10 kcal/mol, they intersect with a much lower activation energy.c
This work analyzed the advantages of the chlorophyll dimer as the primary donor and emphasized the importance of the large changes in the dimer potential surface upon oxidation. In addition, it was pointed out that the change in the electronic matrix element, a, between the forward and back reactions might play a significant role in the control of the photosynthetic process. However, a similar effect can be obtained with a monomer rather than a dimer as a primary donor.
c AEo for reduction of D+ by C is probably less than 10 kcal/mol, and the activation energy for n = 0 is probably lower than the present estimate.
b This type of effect is probably the reason for the large difference in rate between the forward and back light-induced electron transfer between parallel monomers (13).
Proc. Natl. Acad. Although I did not consider explicitly the role of the protein, some of its effect is taken into account indirectly by using the experimentally determined AEo, which is affected by the protein (6) . Probably the protein is involved in the photosynthetic process in a direct way, as in other biological processes for conversion of light energy to electrostatic energy (14) . In this respect it is intriguing to notice that the red shift in the absorption spectrum of the special dimer in bacteria is larger by 3t0 nm than the shift that could be attributed to overlap between the monomers (11) . This additional shift is probably due to an ionized acid of the protein, as is the case in other systems (14) . Such an ionized acid, A-, could function in two ways (see Fig. 6 ). (i) The interaction with A-can polarize the dimer electrons. This will increase the a+b-charge transfer character of D* (see ref. 11) and slightly increase ar for the forward reaction. More importantly, the polarization of D+ will give it more a+b characterd and this will reduce the rate of the back reaction making it correspond to electron transfer from I to the more distant monomer, a (v-for the forward and back reactions will be given approximately by (O'l HI '/.) and (0a HI -k), where a and b are the monomeric units of D, and X and X* and the ir and lr* molecular orbitals). (ii) Another possibility is that the interaction between A-and D+ pulls D+ away from I-, thus reducing a-for the back reaction.
The present work has demonstrated that the potential surfaces of the dimer. system may explain the efficiency of the photosynthetic reaction. However, it was not demonstrated that only a dimer can provide such an efficient system. That is, the calculated change in o-between the forward and back reactions can be provided by a monomer. Potential surfaces similar to those presented in Fig. ' 5 can be obtained with a reaction center of the type A-DI discussed above, but with a monomer instead of a dimer; the origin shift in the distance between the ionized acid and the monomer replaces the role of z coordinate. It is intriguing to note, however, that the advantage of polarization of D+ by A-(see above) is unique to a dimer system.e Furthermore, another advantage of the dimer might be its large size; the larger the radius of a charged system in a protein, the smaller the "solvation" by the protein groups (15) and the smaller the expected relaxation of the protein dipoles to stabilize this charge (14) . This is advantageous both in minimizing the S values of the protein modes (6) and in minimizing the loss of light energy during the charge separation process (14) .
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